Introduction
============

In the absence of a contact lens, the bulk of the oxygen required to maintain normal corneal metabolism is derived directly from the atmosphere. However, the introduction of a contact lens onto the eye forms a barrier, potentially reducing oxygen transport to the cornea. Oxygen deprivation may result in hypoxic events such as corneal swelling,[@b1-opth-10-2469] limbal hyperemia,[@b2-opth-10-2469] corneal vascularization,[@b3-opth-10-2469],[@b4-opth-10-2469] and epithelial thinning.[@b5-opth-10-2469] Consequently, suitable measures of oxygen transfer are important in the development and subsequent prescribing of contact lenses.

The most widely used measures of oxygen transfer are those of oxygen permeability and oxygen transmissibility. Oxygen permeability (Dk) is a property of a contact lens material and is independent of lens geometry. This measure is derived from the product of the diffusion coefficient (D) of the material and the oxygen solubility (k). Oxygen transmissibility (Dk/t), by contrast, relates to a specific lens design and can be determined by dividing the Dk value of the lens material by a local or averaged thickness (t) of the lens. Dk/t is a more clinically relevant measure than Dk since it allows for a direct comparison of oxygen transport between specific lens types. Manufacturers typically quote a single figure for the Dk/t value based on the center thickness of a −3.00 D version of a given lens. However, while providing some relative comparison between lens types, this value is not representative of differences seen across different lens power profiles and different geometries. Alternative, and arguably more clinically relevant, measures of oxygen transfer such as oxygen flux,[@b6-opth-10-2469] equivalent oxygen potential,[@b7-opth-10-2469] and oxygen consumption,[@b8-opth-10-2469] have also been quoted by researchers; however, Dk and Dk/t remain widespread metrics in terms of quantifying oxygen transport through contact lenses.

Although several different methods have been described in the literature for the measurement of Dk and Dk/t, the most commonly used for hydrogel contact lens materials is the polarographic method,[@b9-opth-10-2469] as defined in the American National Standards Institute (ANSI) and the International Organization for Standardization (ISO) standards.[@b10-opth-10-2469],[@b11-opth-10-2469] The Dk/t for a contact lens of known thickness is first determined. The Dk/t of additional samples with significantly different thickness values for a stack of two or more samples[@b12-opth-10-2469] are then measured, and then converted into a Dk value taking into account the mean thickness in the area in which the stack is measured. In the polarographic or the so-called "Fatt method", the contact lens sample is held against a Clark-type electrode and the front surface of the lens sample is exposed to a water saturated air environment to prevent lens dehydration. Measurements are undertaken in controlled temperature and humidity conditions. However, the measurement of Dk is complicated by a number of potential sources of error, particularly edge and boundary effects.[@b13-opth-10-2469]

The edge effect occurs as a result of the lateral diffusion of oxygen from the larger surface area of the anterior lens into the smaller cathode sensor area posteriorly, resulting in an overestimation of the Dk value. The edge effect can be compensated by the application of correction factors.[@b14-opth-10-2469] The boundary effect, by contrast, occurs when a thin film of saline lines the anterior and/or posterior surface of the lens sample, thus creating an additional layer of resistance for oxygen diffusion, resulting in an underestimation of Dk. The boundary effect can be corrected by the measurement of multiple stacked samples of the same material, but in differing thicknesses. The error due to the boundary effect can be determined (and subsequently compensated for) by plotting the reciprocal transmissibilities against the lens thickness, as described in ANSI and ISO documents.[@b10-opth-10-2469],[@b11-opth-10-2469] In addition, contact lenses with a uniform thickness profile in the area of measurement can be stacked on top of one another to create the different thickness values. The Dk values of the hydrogel material calculated from the stacked lenses were equivalent to those of the hydrogel material calculated using monolithic lenses of the same material.[@b12-opth-10-2469]

The addition of a colorant, such as that used in enclosed or dot-matrix printed contact lens designs, might be expected to act like a barrier and therefore reduce oxygen transmissibility for a given lens. The oxygen permeability of a soft contact lens is typically measured in the central portion of the sample because of its uniform thickness. However, the printed portion of a cosmetic contact lens is typically located in the periphery (or mid-periphery) of the lens, a region which does not allow for an accurate measurement of Dk due to the wide variations in thickness values across a given lens profile ([Figure 1](#f1-opth-10-2469){ref-type="fig"}).

Previous workers[@b15-opth-10-2469] have attempted to address this difficulty by taking measurements through both the clear and pigmented portions of the lens and averaging the results. However, this approach does not provide an accurate measurement of Dk due to the large thickness gradient in the pigmented region of the lens and, more importantly, it is not a direct measurement of the region of interest (central, optical zone).

The oxygen permeability of etafilcon A contact lens matrices is essentially controlled by the water content of the contact lens polymer itself. Polyvinyl pryrrolidone (PVP) is a hydrophilic polymer capable of increasing the water content of etafilcon A lenses if present in the contact lens matrix in significant amounts. The PVP, used as a packing solution additive by Johnson and Johnson Vision Care, Inc., is present in extremely low concentrations in solution, and an even smaller amount is actually embedded by the contact lens (data on file Johnson and Johnson Vision Care, 2013). Given that PVP itself does not have a high affinity for oxygen and that the low levels present in contact lens matrices cannot significantly alter the lens water contents, it is unlikely that Dk of etafilcon A lenses with PVP embedded in the contact lens during autoclaving will impact Dk/t values of the product, but confirmation of this by laboratory testing would be desirable.

The purpose of this study was to evaluate the individual contributions of pigment colorant material and the PVP embedded in the contact lens during autoclaving on the oxygen permeability (Dk) of a cosmetic printed etafilcon A daily disposable contact lens packaged with PVP.

Method
======

Specially modified test lenses were manufactured with the pigmented component of the lens offset and relocated at the center of the lens. The pigmented component was enclosed within the lens matrix, and not present on the lens surface, as is the case with the commercially available 1-Day Acuvue^®^ Define^®^ brand contact lenses (Johnson & Johnson Vision Care Inc., Jacksonville, FL, USA) (cosmetically printed etafilcon A).[@b16-opth-10-2469]

The preferred lens geometry used in the measurement of Dk is a uniform thickness profile across the central portion of the lens. Lenses of low power meet this requirement so consequently, −0.50 and −1.00 D lenses ([Table 1](#t1-opth-10-2469){ref-type="table"}) were used throughout this investigation. Lenses which are uniformly thick across the measurement area also eliminate the alignment error associated with ensuring that the center of the lens is positioned over the center of the sensor.

Measurements were made using the polarographic (Fatt) method described in ISO 18369-4:2006(E).[@b11-opth-10-2469] Lenses of predetermined thickness were equilibrated at 35°C, and placed directly onto the polarographic sensor to achieve electrical equilibrium ([Figure 2](#f2-opth-10-2469){ref-type="fig"}).

Once electrically equilibrated, multiple measurements of nonedge-corrected Dk/t were made for both the test lenses and the control lenses. Lenses were added to the stack one at a time and further measurements were taken sequentially (with a mimimum of four), such that the effect of thickness on Dk/t could be established and corrected for the boundary effect. The resulting measurements were also edge-corrected in the calculation to provide a true estimate of the Dk value. Evaluations of both the test and the control lenses were undertaken on the same day so as to minimize the effect of any equipment or environmental changes. All measurements were undertaken by a single operator. The procedure was consistent for all lenses in the study.

The resulting Dk value of the pigmented lens material was subsequently used with proprietary lens thickness values to generate true Dk/t profiles for different lens powers for the cosmetic printed etafilcon A lens.

Experiment 1 evaluated the individual contributions of pigment colorant material on the oxygen permeability (Dk) by comparing the modified cosmetically printed etafilcon A "Vivid" (Test 1) to 1-Day Acuvue^®^ Moist (etafilcon A with PVP) (Control 1). Experiment 2 evaluated the individual contributions of the PVP embedded in the contact lens during autoclaving on the oxygen permeability (Dk) by comparing nonprinted lenses with PVP (Test 2) to nonprinted lenses with no PVP (Control 2) ([Table 1](#t1-opth-10-2469){ref-type="table"}).

Results
=======

The edge-corrected oxygen permeability of the cosmetically printed etafilcon A with pigmented offset in the lens center (Test 1) was measured to be 19.7×10^−11^ (cm^2^/s) (mL O~2~/mL·mmHg) at 35°C. This was within ±20% of the nominal reported value for 1-Day Acuvue^®^ (etafilcon A without PVP), 21.4±4.3 10^−11^ (cm^2^/s) (mL O~2~/mL·mmHg) and 1-etafilcon A with PVP (Control 1) in this experiment (19.5×10^−11^ (cm^2^/s) (mL O~2~/mL·mmHg). The oxygen permeability values of the pigmented study lens (Test 1) and the nonpigmented control lens (Control 1) are summarized in [Table 2](#t2-opth-10-2469){ref-type="table"}.

The edge-corrected oxygen permeability of the etafilcon A lenses with PVP (Test 2) was measured to be 20.1×10^−11^ (cm^2^/s) (mL O~2~/mL·mmHg) at 35°C. This was within ±20% of the nominal reported value for etafilcon A without PVP, 21.4±4.3 10^−11^ (cm^2^/s) (mL O~2~/mL·mmHg) and similar to the value of the control lens made from the same monomer batch and processed without PVP (Control 2) (20.0×10^−11^ \[cm^2^/s\] \[mL O~2~/mL·mmHg\] at 35°C).

The oxygen transmissibility (Dk/t) of a lens was calculated from the measured edge-corrected oxygen permeability (Dk) of the material divided by the center thickness of the lens sample of interest.

The nominal edge-corrected Dk of an etafilcon A material is 21.4×10^−11^ (cm^2^/s) (mL O~2~/mL·mmHg). The Dk/t of the −3.00 D lens at the center was calculated by dividing the Dk of the material (21.4×10^−11^ \[cm^2^/s\] \[mL O~2~/mL·mmHg\]) by the center thickness of the lens (0.0084 cm). The Dk/t is 25×10^−9^ (cm/s) (mL O~2~/mL·mmHg). Colloquially, this lens is said to have a Dk/t of 25.

The thickness profile of a currently marketed −1.00 D printed cosmetic lens (1-cosmetically printed etafilcon A) that is shown in [Figure 1](#f1-opth-10-2469){ref-type="fig"} was used to construct an oxygen transmissibility profile for the same lens, using the nominal Dk value. The oxygen transmissibility profile is shown in [Figure 3](#f3-opth-10-2469){ref-type="fig"}.

Discussion
==========

The pigmented portion of a cosmetic printed contact lens is typically located in the periphery or mid-periphery of the lens, which does not allow for evaluation of the effect of print on the oxygen permeability. A technique was developed to overcome this difficulty, whereby specially modified lenses were manufactured with the pigment colorant offset from the normal location and relocated at the center of the lens to facilitate measurement of the material containing the pigment. This study sought to more accurately evaluate the oxygen permeability of a cosmetic printed lens, with PVP, in comparison with that of its nonpigmented equivalent. The edge-corrected Dk value for the cosmetic printed etafilcon A lens in this study was within ±20% of the Dk value for the nonpigmented control, as per the measurement tolerance level set by ANSI and ISO standards.[@b10-opth-10-2469],[@b11-opth-10-2469] As such, there was no difference in Dk between the pigmented and nonpigmented study lenses. However, the fact that there was no difference in oxygen permeability between the enclosed pigmented etafilcon A lens and its nonpigmented equivalent assessed in this study does not mean that this effect would necessarily be true for all cosmetic contact lenses. The manufacturing processes, print/tinting composition, and print thicknesses (pigment load) employed in other enclosed, or even dot-matrix, design cosmetic lenses may still impact oxygen permeability with clinical implications for the wearer.

The fact that there was no effect on Dk due to the addition of the pigment in this study was, perhaps, surprising, especially given that previous workers[@b15-opth-10-2469] found a significant increase in corneal edema for wearers of a laminated cosmetic tinted lens. However, it is likely that improved manufacturing processes, making the etafilcon A cosmetic printed contact lens thickness profile similar to that of the clear etafilcon A lens, may have facilitated this.

The Dk of a hydrogel material like etafilcon A is typically correlated with the water content of the material.[@b17-opth-10-2469] An increase in water content would correlate to an increase in Dk value. Conversely, a decrease in water content would result in a lower Dk value. Although the addition of some types of components to a blister packing solution may influence water content of a lens material, the PVP embedded in the contact lens during autoclaving had no such effect on the etafilcon A material and consequently did not change the Dk of the etafilcon A contact lenses.

Oxygen transmissibility (Dk/t) is a property of a specific lens and is calculated from the measured Dk value of the lens material and the thickness of the lens. The minimum Dk/t values in this experiment occurred where the lens had a maximum thickness, toward the edge of the lens and in the region where the pigment is located. The smaller Dk/t values in the printed regions shown in [Figure 3](#f3-opth-10-2469){ref-type="fig"} are due to the thickness increase in the same region, as shown by [Figure 1](#f1-opth-10-2469){ref-type="fig"}, and not by a change in the Dk of the material.

Conclusion
==========

In conclusion, this study has shown that the pigment colorant and the PVP embedded in the contact lens during autoclaving were not found to influence the oxygen permeability of the etafilcon A material.
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![Thickness profile of a currently marketed −1.00 D cosmetic print contact lens (1-Day Acuvue^®^ Define^®^).\
**Note:** Blue boxes indicate the positioning of the colorant.](opth-10-2469Fig1){#f1-opth-10-2469}

![Lens stack mounted on the polarographic sensor for measurement.](opth-10-2469Fig2){#f2-opth-10-2469}

![Calculated Dk/t profile of a −1.00D 1--Day Acuvue^®^ Define^®^.\
**Notes:** The Dk/t units are 10^−9^ (cm/s) (mL O~2~ × mmHg). The nominal value of Dk was used in the calculation.\
**Abbreviations:** Dk, oxygen permeability; t, thickness of the lens.](opth-10-2469Fig3){#f3-opth-10-2469}

###### 

Study lenses

  Lens                                                  Material/water content   Base curve/diameter   Lens power (D)   Average center thickness (mm)
  ----------------------------------------------------- ------------------------ --------------------- ---------------- -------------------------------
  Modified 1-Day Acuvue^®^ Define^®^ "Vivid" (Test 1)   Etafilcon A (58%)        8.50/14.20            −0.50            0.128
  1-Day Acuvue^®^ Moist (Control 1)                     Etafilcon A (58%)        8.50/14.20            −0.50            0.126
  Nonprinted lens with PVP (Test 2)                     Etafilcon A (58%)        8.30/14.00            −0.50            0.113
  Nonprinted lens with no PVP (Control 2)               Etafilcon A (58%)        8.30/14.00            −0.50            0.113

**Abbreviation:** PVP, polyvinyl pyrrolidone.

###### 

Oxygen permeability (Dk) results

  Lens brand                                                  Oxygen permeability (Dk) (value \[cm^2^/s\] \[mL O~2~/mL·mmHg\] at 35°C)   Results              
  ----------------------------------------------------------- -------------------------------------------------------------------------- -------------------- ----------------
  Nominal value for 1-Day Acuvue^®^                           (21.4±4.3)×10^−11^                                                         (28.0±5.6)×10^−11^   Reported value
  Modified 1-Day Acuvue^®^ Define^®^ "Vivid" style (Test 1)   19.7×10^−11^                                                               27.3×10^−11^         No difference
  1-Day Acuvue^®^ Moist^®^ (Control 1)                        19.5×10^−11^                                                               26.9×10^−11^         No difference

**Note:**

The 20% tolerance for the nonedge-corrected value is for comparison purpose only.
